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Prolonged exposure to high concentrations
ofradon decay products has been associated
with increased lung cancer risk for humans.
Although studies of underground miners
have provided estimates of radon exposure
risks in homes, residential epidemiologic
studies have produced statistically equivocal
results (1). Most residential studies only
measure the contemporary radon gas con-
centration in one or two rooms of a per-
son's current home, even though an indi-
vidual's risk is believed to be proportional
to their cumulative radon exposure. These
studies assume homogeneity ofradon with-
in the home and exposures outside the
home that are relatively low and uniform.
Recent sensitivity analyses suggest that
errors or omissions in radon exposure
assessment reduce the ability of epidemio-
logic studies with a small sample size to
detect an effect, ifone exists (2,3).
The worldwide, population-averaged
radon concentration is estimated to be 10
Bq/m3 (0.3 pCi/I) outdoors and 40 Bq/m3
(1.1 pCi/l) indoors (4). In the United
States, these averages are estimated to be 15
Bq/m3 (0.4 pCi/l) outdoors (5) and 54
Bq/m3 (1.5 pCi/l) indoors (6,7). Outdoor
radon estimates are based on sparse, often
short-term, measurements. Even in the
United States, where the Indoor Radon
Abatement Act (Public Law 100-551,
1988) establishes a goal ofreducing indoor
radon levels to local atmospheric levels, few
long-term outdoor radon measurements
have been made (8,9).
Methods
We investigated the relationship between
indoor and outdoor radon as part of a
case-control study, the Iowa Radon Lung
Cancer Study (IRLCS) (10J. We measured
annual average atmospheric radon concentra-
tions at 111 locations in Iowa and 64 loca-
tions in Minnesota to assess the impact of
radon exposures outdoors on overall cumula-
tive radon exposures. Because IRLCS partici-
pants were selectedfrom all parts ofIowa, we
sampled uniformly across that statewith sites
separated by about 40 km (Fig. 1). In
Minnesota, we investigated spatial variation
over small and large distances by sampling
counties adjacent to and distant from Iowa.
Unlike the Iowa survey, most Minnesota
counties had from 1 to 15 sites. Minnesota
and Iowa counties are roughly 50 x 50 km in
size. Minnesota is roughly 550 x 340 km and
Iowais 320 x450 km.
Central North America has diverse phys-
iography and climate. Most ofthe surface is
covered by thick glacial till. Winters are
extremely cold and summers are quite hot.
The temperature variesspatially in such away
that the northernmost sampled areas have
twice the heating degree-days but only 20%
ofthecoolingdegree-days as compared to the
southernmost areas. Moderately high winds
occur during most seasons. Precipitation is
sufficient to support trees in the east but
grasses dominate the west. This region is
open and extensively farmed except for the
forested areas north of460latitude and east of
920 longitude. The population in both states
is roughly evenly divided between urban and
ruraldwellers.
In Iowa, IRLCS field personnel placed
detectors outdoors in open areas starting in
the fall of 1993 and extending through the
winter of 1996. At each site, an alpha track
detector was enclosed in protective housing
anddeployed at aheight of1.5 m for 1 year.
The detector uses LANTRAK (Landauer,
Inc., Glenwood, IL) enclosed in a 300-ml
aluminum filtered chamber. The 2-cm2 area
chips are etched for 6 hr at 750C and read
under IOOx magnification until more than
150 tracks in three or more separate regions
are counted. We repeated the year-long mea-
surements at five sites to study year-to-year
variation. At four sites, detectors were placed
at heights of 1 and 2 m, respectively. In
Minnesota, homeowner volunteers placed
detector modules in their yards from
November 1995 to December 1996.
We have determined that the random
variation of our outdoor detectors for total
exposures of40 Bq years/m3 (1.1 pCi-years/1)
is approximately 10% by exposing groups of
detectors in radon chambers and homes. In
field exposures, 13 duplicate pairs showed a
7% coefficient ofvariation (COV) for year-
long exposures to concentrations ranging
from 10 to 50 Bq/m3. A Wilcoxon signed-
ranks test detected no statistically significant
difference between the duplicate pairs (p =
0.2). Minor contamination from detector
manufacturing and exposure during storage
limit the lower level ofdetection to 4 Bq/m3
for ayear-long exposure. We exposed eight of
our detectors along with five RADTRAK
detectors side-by-side at one site where the
annual average radon concentration was 10
Bq/m3. The COV ofour detectors was 14%,
and the mean agreed within instrumental
variation (4 Bq/m3) with the mean of the
RADTRAK cluster. Our outdoor radon
detectors have beenexposed in calibration and
quality-control exercises conducted by the
U.S. Department of Energy Environmental
Measurements Lab (EML) and U.S. EPA
Radon Measurement Program (RMP). The
average relative error of our detectors was
within -3% and -8% in two EML tests for
annual-equivalent exposures at 20 Bq/m3 and
30 Bq/m3, respectively. In two RMP tests for
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Figure 1. Sampling site locations. Data for the two locations sampled in the national ambient survey are
from Hopper etal. (5).
Table 1. Statistical summary ofannual average outdoor and indoor radon concentrations
GM8 Average Range
Location No. Bq/m3(pC/I) GSD Bq/m3(pCi/l) Bq/m3(pCi/l)
Outdoor
Iowa 111 29(0.78) 1.4 30(0.82) 7-55(0.2-1.5)
Minnesota 64 19(0.52) 1.8 22(0.60) 4-55(0.1-1.5)
Combined 175 25(0.68) 1.6 28 (0.75) 4-55(0.1-1.5)
Bedroom
Iowa 1,039 90(2.5) 2.2 124(3.3) 7-1,100(0.2-30)
Minnesota 128 100(2.7) 2.2 142(3.9) 18-1,200(0.-33)
Combined 1,167 91 (2.5) 2.2 126(3.4) 7-1,200(0.2-33)
Abbreviations: GM, geometric mean, GSD,geometric standard
&AII distributions are log-normal.
annual-equivalent exposures of10Bq/m3 and
20Bq/m3, thedetectors werewithin -8% and
+7% oftheacceptedvalue.
Indoor radon concentrations were also
measured in homes located near the outdoor
sampling points. The average annual radon
concentration in the current bedroom of a
subject (and up to six additional rooms) of
1,039 Iowa homes was measured with
RADTRAKdetectors as part ofthe IRLCS.
Participants in that study also provided
detailed information about the time that
they spent at different locations inside and
outside the home (10). In Minnesota, 128
bedrooms were measured for radon concur-
rentwith the outdoor survey.
Results and Discussion
Table 1 shows that high outdoor radon
concentrations were found in a populated
region ofcentral North America. The high
concentrations persist for a year or more
and cover substantial areas of Iowa and
Minnesota. The median outdoor radon
across this region (25 BqIm3; 0.7 pCi/l) is
about twice the national outdoor median
(5). It exceeds the indoor medians for liv-
ing areas as reported by epidemiologic
studies in New Jersey and Connecticut
(11,12). In Iowa, our measurements sug-
gest that the population-weighted, average
outdoor radon concentration is 28 BqIm3.
In some northwestern Iowa and southwest-
ern Minnesota counties, the outdoor radon
concentrations exceed the national average
indoor radon concentration (6,7). Low
outdoor radon concentrations (<10 Bq/m3)
were observed in north-central Minnesota
and in a few areas in eastern Iowa. The
median indoor radon concentration in
Iowa is also substantially higher than the
U.S. national indoor median (6,7).
The results from both outdoor and
indoor measurements matched well across
the Iowa-Minnesota border.despite the dif-
ferences in sampling and protocol in these
two states. Our results are in general agree-
ment with the national ambient survey
(NAS) results for Iowa City and
Minneapolis (5). Although the outdoor
average in Iowa exceeds the annual average
ofany site reported in the NAS, our mea-
surements in Iowa City agree within aggre-
gated instrumental, spatial, and temporal
uncertainties (7 BqIm3) with the measure-
ments of the NAS. Our nearest measure-
ment to Minneapolis (100 km) was within
2 Bq/m3 of the NAS result, and the value
ofthe outdoor radon contour map derived
from our data, as described below, is within
4 Bq/m3 ofthe NAS result.
The sampling density used in Iowa is
sufficient for most radon assessment tasks,
as we found that the small-scale spatial
variation in Minnesota (within a county
COV ~25%) is much smaller than the
large-scale variation (statewide -80%).
This effect was observed in counties with
high and lowoutdoor radon.
Elevated outdoor radon concentrations
have been reported previously for a few
locations. Most of those measurements
covered shorter times or were associated
with unusual localized surface geology or
mining (13-19). A study in nearby
Manitoba, Canada (20), observed elevated
levels during one summer, but not the
next. Although we have observed temporal
changes ofa factor oftwo during periods of
unusual weather (see Fig. 2), we saw no sig-
nificant year-to-year changes (<15%) at
five sites. This observation is in agreement
with other long-term studies (21-25).
There was no significant difference
between detectors placed at 1 and 2 m, in
agreementwith earlier reports (8,9,26-28).
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To investigate spatial patterns, outdoor
and indoor radon contour maps were con-
structed from the point data. These data
were analyzed for directional correlation
using the program VARIOWIN. The best
VARIOWIN model established the parame-
ters for a kriging algorithm on grid nodes
separated byabout 10 km in the contouring
program SURFER. Patterns can be seen in
those regions that were uniformly sampled,
south of 43.5°N latitude. Figure 3 shows
there is similarity in the spatial patterns of
outdoor and indoor radon concentrations
with elevated concentrations in western
Iowa and in a band that extends southeaster-
lythrough southern Iowa. Note that areas of
western Iowa have average outdoor concen-
trations comparable to indoor concentra-
tions in areas ofsoutheastern Iowa.
County-average, residual radon proge-
ny concentrations in the soil (Fig. 4B) are
highest in northwestern Iowa-southwest-
ern Minnesota and lowest in north-central
Minnesota (29,30). The same is true for
outdoor (Fig. 4A) and indoor radon con-
centrations (map not shown). This pattern
suggests that the local soils may play a sig-
nificant contributory role to the elevated
outdoor and indoor radon, even though
their radon content is below the national
average. These qualitative observations of
pattern similarity are supported by signifi-
cant correlation between the county medi-
ans of outdoor radon, indoor radon, and
radon in the soil derived from the
Minnesota point data sets. For example,
there is moderately strong correlation
between outdoor and indoor radon (r =
0.7; p = 0.1) for the six Minnesota counties
with three or more outdoor and indoor
measurements. On an individual site scale,
the correlation was not significant (r = 0.2,
p = 0.2 for 62 sites). In Iowa, where the
radon in the soil does not vary as much as
in Minnesota, the correlation was positive,
but not significant (r= 0.1,p = 0.3).
Effective dose equivalents from outdoor
radon in central North America can be sig-
nificant. Radon-related dose models are still
being refined, and the doses described here
are estimates. Effective doses to the individ-
ual depend on many factors including radon
concentration, exposure time, and the char-
acteristics of the radon decay products. In
particular, some locations can show signifi-
cant diurnal radon concentration patterns,
with high periods corresponding to the still
early morning weather and low radon peri-
ods occurring during the turbulent late
afternoon. However, the maximum, average
hourly deviation from the mean at our two
sites was only 15% for the site monitored
for 55 days and 50% for the site monitored
for 5 days. Manypeople in this region spend
considerable time outdoors engaged in work
and recreation. In addition, outdoor expo-
sure is more effective in delivering dose than
indoor exposure (4,31). The enhancement is
due to the increased values for unattached
radon progeny fraction (fp ), equilibrium
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Figure 2. Short-term temporal variations of outdoor radon concentrations measured with continuous
radon monitors. (A) Five summer days of hourly average radon concentrations at 1 m measured with a
continuous radon monitor in southeastern Iowa; the unusual concentrations occurred during strong tem-
perature inversions. (B) Fifty-three autumn days of hourly average radon concentrations measured with a
continuous radon monitor in central Minnesota; the elevated concentrations occurred during a period of
unseasonably warm, stable weather following a turbulent period. The short-term average radon concen-
trations were consistentwithin 8% ofthe year-long alpha track detector results at both locations.
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Figure 3. Radon contour maps. (A) Outdoor radon contour map. (B) Indoor radon contour map. Scales for
A and B are color coordinated and logarithmic.
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Figure 4. (A) County-average outdoor radon concentrations and (B) radon progeny in the surface soil esti-
mated from National Uranium Resource Evaluation data (29). White areas show counties where no radon
measurements were made.
fraction (O), and breathing rate outdoors
(32-34). We have adopted the ICRP's effec-
tive dose equivalent model for radon in this
report. This model includes a 0.3 correction
factor that brings the dose calculated from
activity size measurements into agreement
with epidemiologic effective dose estimates.
Recent measurements ofatmospheric decay
product characteristics in states near Iowa
suggest that the effective outdoor dose
equivalent rate is 6.7 nSv.hr-'/(Bq.m-3). We
also adopted the ICRP's dose rate effective-
ness coefficient-for indoor exposures, 2.3
nSv.hr'l/(Bq-m-3) (31). We note that the
United Nations Scientific Committee on
the Effects of Atomic Radiation '93 esti-
mates that the outdoor dose enhancement
factor for the worldwide-average situation is
two, which is slightly smaller than the
enhancement factor we use (4). Given the
large uncertainties associated with these dose
calculations, we give our estimates with one
significant figure.
While continuous exposure to the highest
outdoor radon in this regionwouldproduce an
effective dose rate of3 mSv/year (0.4 pSv/hr),
it is likely that maximally exposed individuals
(e.g., farmers and laborers) would receive less
than half that amount. Nevertheless, 1
mSv/year from outdoor radon would exceed
the dose rate from many other natural (e.g.,
cosmic -0.4 mSv/year) and anthropogenic
sources (e.g., dental x rays -0.1 mSv/year) (3).
For the general population of Iowa, we esti-
mate that the average effective dose equivalent
rate would be 0.3 mSv/year based on being
exposed to the population-weighted outdoor
radon concentration (28 Bq/m3) for 20% of
the time (4).
We calculated the total effective dose
rate equivalent for each participant of the
IRLCS based on where. they spent time
(35), on measured radon concentrations in
their home, and on estimates for the radon
concentration in other locations. Outdoor
doses were based on a local average for out-
door radon concentrations derived from our
measurements, the ICRP effective equiva-
lent dose rate coefficient reported for near-
by states, and the individual's reported time
outdoors (31). IRLCS participants, women
between 40 and 85, spent an average of8%
oftheir lifetime outdoors. Workplace radon
concentrations were estimated to be 50% of
the local first-floor home average. (This
model was based on measurements of the
radon exposure of working women in
Minnesota.) The radon exposure in spaces
that the participants occupied while away
from their home was estimated to be 35
Bq/m3, the average ofnational outdoor and
home radon concentrations (5-7). We did
not include an adjustment for diurnal varia-
tion outdoors because our continuous mon-
itoring at two sites (Fig. 2) did not show a
consistently strong diurnal pattern, and the
literature reports significant difference in
the diurnal pattern over space, time, and
weather conditions (8,27).
The calculated dose rates were log-nor-
mally distributed, with a mean of 0.12
mSv/year and geometric standard deviation
(SD) of 2.0. For these participants, local
outdoor radon contributed approximately
10%, on average, to their total radon-relat-
ed effective dose rate. Outdoor dose rates
accounted for 0-72% of an individual's
total dose. Outdoor doses were higher than
home indoor doses for 1% of the IRLCS
participants.
Lifetime outdoor cumulative doses
were calculated from the product of the
local outdoor dose rate times the individ-
ual's age under the assumption that an
individual lived her entire life in her cur-
rent local area. Lifetime cumulative effec-
tive doses for outdoor radon were log-nor-
mally distributed, with a geometric mean
of8 mSv (800 mrem) and a geometric SD
of 2.0. The maximally exposed individual
in this group had a cumulative effective
dose of60 mSv as a result ofspending 37%
of her 76 years outdoors in 35 Bq/m3.
Lifetime doses from all radon-related expo-
sures ranged from 60 to 800 mSv. The
average cumulative exposure was 150 mSv.
Outdoor radon concentrations of the
magnitude and variability described in this
report can reduce the validity and statistical
power ofan epidemiologic study. The work
ofLubin et al. (2,3) suggests that the statis-
tical power ofa study such as the IRLCS to
detect a risk of exposure to environmental
radon is reduced by the omission of out-
door radon doses roughly proportional to
the percentage of dose omitted. The exact
magnitude ofthe loss ofpower will depend
on the details of the analysis and the dose
distributions. For example, if we separated
the IRLCS participants into total radon-
related dose rate quintiles rather than just
domestic radon-related dose rate quintiles,
then 60 of 407 (15%) of the cases and 75
of610 (12%) ofthe controls would change
classification quintile.
Conclusions
A failure to take outdoor doses into account
could affect the results of other epidemio-
logic studies that have been conducted
nearby, like those in Missouri (36) and
Winnipeg (37), particularly if their partici-
pants spent more time outdoors than the
IRLCS participants did. Ifaccurate cumula-
tive radiation dose assessment is important,
then cumulative exposure estimates should
include outdoor radon exposures.
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